Abstract-A novel hybrid approach to the synthesis of nonuniformly spaced linear arrays of printed antennas is presented and thoroughly discussed in this paper. In order to account for parasitic mutual coupling between array elements, a dedicated optimization procedure in combination with a multiport network approach is adopted. Selected examples are included in order to assess the effectiveness and versatility of the proposed technique for a wide variety of applications.
INTRODUCTION
An advanced hybrid deterministic/metaheuristic approach to the synthesis of reconfigurable non-uniformly spaced linear printed patch antenna arrays is presented. A deterministic antenna placement technique, based on the concept of Auxiliary Array Factor (AAF) [1] - [4] , is adopted as a preconditioner for the analytical derivation of the element positioning and excitation distributions useful to mimic a given radiation pattern, subject to design constraints relevant to the minimum antenna spacing, array aperture, and maximum number of power levels to be operated in the array beamforming network. As a result, well-conditioned initial array configurations can be derived and, thereupon, processed within a dedicated optimization algorithm [5] - [6] in combination with a multiport network approach [7] - [8] for computationally efficient modeling of parasitic mutual coupling effects in microstrip antennas. In this way, an enhancement of the convergence in terms of the number of iterations within the metaheuristic procedure and, consequently, a reduction of the total computational time required to obtain a converged solution of problem can be usefully achieved. This provides an effective design methodology for non-uniformly spaced linear arrays of planar printed antennas in operative scenarios where a significant deviation from ideal antenna operation occurs.
II. DETERMINISTIC ANTENNA PLACEMENT TECHNIQUE
In this section, emphasis is put on the analytical details of the deterministic synthesis procedure used to determine the initial array topology and excitation tapering. The adopted methodology relies on the definition of AAF depending on the continuous antenna element density which is determined by enforcing the equality to a given objective array factor mask in the domain of the Fourier transform with respect to the normalized direction parameter, upon performing a suitable piecewise linearization. In this way, one obtains an integral equation, involving the element taper, which can be solved analytically or by means of computationally inexpensive numerical methods. Afterwards, the actual antenna positions are evaluated by sampling of the mentioned taper function.
Let us consider a general radiating structure consisting of a N printed patch antennas deployed over a line as shown in Fig. 1 . Where the mutual coupling between the antennas is neglected, the relevant array factor is given by the classical expression [9] : 
, and performing the piece-wise linearization:
A c x a = , the Fourier-transformed AAF can be readily expressed as:
û . The relevant magnitude and phase is found to be, after simple mathematical manipulations:
The array synthesis is carried out by enforcing 
In this way, by making use of (5), it follows that:
The integral equation (7) is solved in combination with the possible constraint on the minimum spacing min d between the array elements, namely:
In this way, one can determine the piecewise linear approximations of the antenna positioning function ( ) q x and amplitude tapering ( ) A q . Afterwards, the excitation phase distribution is evaluated straightforwardly by implementing the point-matching condition
Finally, the array parameters 0 / n x l , n A , n a in (1) are computed by uniformly sampling of the corresponding continuous functions ( )
providing an initial array configuration for the subsequent metaheuristic optimization procedure.
III. MULTIPORT NETWORK MODELING OF THE ARRAY
The wave interaction among radiating elements in a general array environment can influence the performance of the structure dramatically, and therefore has to be properly taken into account during the design process by carrying out a dedicated electromagnetic analysis. To this end, full-wave approaches [10] , such as the Finite-Difference Time-Domain (FDTD) technique or the Finite Element Method (FEM), can be usefully adopted, but these procedures are typically very time-consuming, especially for large array problems. In this context, the Multiport Network Model (MNM) provides a convenient frame for a computationally efficient and accurate characterization of printed antenna arrays [7] . As a matter of fact, the complexity of this method, as well as the accuracy of the results obtained, lie in between the simplistic transmission line model on one hand and the numerically involved rigorous simulation techniques (like FDTD and FEM) on the other hand.
In the MNM-based characterization of radiating patches (such as the ones shown in Fig. 1 ), the wave processes occurring in the interior and exterior regions of each element are modeled separately. The interior region underneath the general patch is described by means of a multiport subnetwork. On the other hand, the physical phenomena which involve the exterior region, including the radiated, surface wave and fringing field effects, are modeled as external load circuits. The electromagnetic field distribution relevant to the interface between different sub-networks is then matched along the common continuous interface at a discrete number of points corresponding to the ports located all along the periphery of the patch. In doing so, the multiport sub-networks can be conveniently characterized in terms of admittance matrix based representations.
Apart from the usual free-space coupling, the surface waves propagating along the grounded dielectric slab provide an additional coupling mechanism in printed antenna arrays. The effects of the mutual coupling depend on the inter-element spacing, frequency of operation, as well as the electrical and geometrical characteristics of the dielectric substrate. The multiport network model allows incorporating the effect of 
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mutual coupling among patches in array configuration by defining a Mutual Coupling Network (MCN), as shown in Fig.  2 . The ports of the MCN network are connected to the two patches being considered. This may be extended to a larger number of array elements considered in the analysis. As a matter of fact, if a given patch is affected by N adjacent elements, the ports of the relevant MCN will be connected to all these patches. In particular, where thin substrates without dielectric cover layer are adopted (this is actually the assumption in the presented study), the elements of the Y -matrix characterizing MCN networks can be easily obtained from the reaction between the equivalent magnetic current sources at the corresponding sections of the edges of interacting patches, as discussed in [8] .
By using the MNM approach, a fast and accurate analysis of the radiation properties of the general printed antenna array sketched in Fig. 1 can be carried out and, in this way, verify whether or not the selected topology and excitation tapering actually result in the desired pattern mask.
IV. PSO-BASED ARRAY OPTIMIZATION
Within the proposed synthesis methodology, the array configuration and the relevant parameters n x , n A , n a ( 1, 2, , a n N =  ) are optimized by means of a suitable metaheuristic algorithm in combination with the multiport network modeling detailed in Section III in order to compensate for the detrimental effects of parasitic antenna coupling. In this study, attention has been put on the Particle Swarm Optimization (PSO) method. The PSO is a robust stochastic evolutionary optimization method based on swarm intelligence [5] . It has been successfully applied in solving electromagnetic problems regarding antenna design [6] . x A n N a = = X  , briefly called particles. The general particle k X is moved around in the search-space under the action of a stochastic velocity field k V , which is function of the best known position k P of the particle in the search-space, as well as of the entire swarm's best known position G . In this way, when improved positions are being discovered, these will then turn to guide the movements of the swarm. The process is iterated till a satisfactory solution is eventually determined. With a simple mathematical formalism, the movement of k X at the i -th iteration is updated according to the following equation:
where:
. In (11) w denotes the inertia weighting coefficient, p a , g a are suitable acceleration constants, and p R , g R random vectors with uniform distribution over [0, 1] . As usual, the symbol  indicates the Hadamard product for element-wise multiplication. It is to be noticed that the evolutionary process described by equations (10), (11) is performed upon initializing each particle to the solution computed by means of the antenna placement method discussed in Section IV in such a way as to achieve a faster convergence to the solution. In this respect, it is, also, to be noticed that a subset of the array parameters resulting from the application of the mentioned deterministic synthesis, such as the antenna locations, might be conveniently kept unvaried during the metaheuristic optimization in order to further reduce the computational cost of the procedure.
At each iteration 0 i > , the goodness of each particle's position is evaluated by a real-valued cost function ¡ . This function takes a particle
X as argument, and returns the scalar number:
which represents the objective function value of the given candidate solution expressed in terms of the Euclidean distance between the desired mask ( ) O F y and the actual array factor
i k AF y X . In particular,
AF y X is computed by using X and the standalone patch antenna element, respectively. In this way, the effects of the parasitic coupling are properly taken into account. The goal is to find a configuration G in the searchspace for which ( ) s ¡ £ G , with s being a sufficiently small convergence threshold according to the flowchart in Fig. 3 .
V. NUMERICAL EXAMPLE
The developed methodology has been validated by application to the synthesis of a linear array featuring a pencilbeam pattern with side-lobe level 20 SLL dB = -and angular width 5.5 Q =  at 3dB -level, as shown in Fig. 4 Subject to the mentioned constraints, the deterministic design methodology has been applied upon selecting the number of antennas as . As it can be noticed in Fig. 4 , the degradation of the circuital performance of the array results in a significant deviation of the relevant radiation pattern from the desired mask, especially around the first side lobes.
In order to compensate for the effects of the parasitic antenna coupling, the presented PSO-based optimization procedure (see Fig. 3 ) has been used. In doing so, the needed numerical computations have been performed in doubleprecision floating-point arithmetic on a workstation equipped with a 2.99GHz Intel Core Duo processor [11] and 3.25GByte memory. In this way, by using a two-particle swarm, a converged solution G of the problem has been obtained after a few iterations, in less than one hour, the final objective function value being ( ) 0.05 ¡ G  . 
